Abstract-A narrowband trisection substrate-integrated waveguide elliptic filter with coplanar waveguide (CPW) input and output ports is proposed and demonstrated for X-band applications. The filter is formed by incorporating metallized vias in a substrate (RT/Duroid) to create cross-coupled waveguide resonators. The result is an attenuation pole of finite frequency on the high side of the passband, therefore exhibiting asymmetric frequency response. The fabricated trisection filter with a centre frequency of 10.05 GHz exhibits an insertion loss of 3.16 dB for 3% bandwidth and a return loss of −20 dB. The rejection is larger than 15 dB at 10.37 GHz.
INTRODUCTION
There is an increasing demand and interest in a variety of applications for microwave filters. In the millimeter-wave region, distributed element microwave circuits always demand low loss transmission lines. Planar forms of transmission line such as coplanar waveguide (CPW) have become one of the most widely used transmission lines in monolithic microwave integrated circuits (MMICs) due to the simplicity of fabrication and its ability to easily integrate series and shunt elements [1] [2] [3] 11] . Rectangular waveguides still play an important role [9, 10, [12] [13] [14] , especially in very high frequency systems, where the loss in such a waveguide is significantly less than that in a popular planar transmission lines. For distributed element filters, † Also with School of Computer and Communication Engineering, Universiti Malaysia Perlis, Perlis, Malaysia CPW is seldom used in the millimeter-wave range due to its large insertion loss. Since CPW and rectangular waveguide together play an important role as microwave devices, effective transitions between the two are required in practical systems. In this paper, we discuss a substrate-integrated waveguide introduced in [3, 15] together with a transition from waveguide to CPW. A filter with a single transmission null is discussed for RF/microwave applications that require the higher selectivity of deep nulls on either the high side or the low side of the passband [4, [16] [17] [18] . This type of response can be obtained by a trisection filter.
The low loss rectangular waveguide-like trisection filter maintains a basically planar structure, and has high selectivity on one side of the passband. Figure 1 shows the basic structure of the proposed elliptic bandpass filter. The filter is composed of three substrate-integrated waveguide resonators. The resonators are formed by incorporating vias to create sidewalls inside a piece of dielectric substrate with top and bottom metallization. The substrate-integrated waveguide cavity resonator operates similarly to conventional rectangular cavity resonator. The ith and jth resonators are coupled by using wider spacing of vias between them, thus creating a window denoted by lkc ij as shown in Preliminary to the filter design, analysis on radiation loss contributed by the centre-to-centre spacing (s c ) between adjacent vias of the substrate-integrated waveguide was simulated using [7] , with substrate air in an open boundary. The dielectric and conductor losses are not considered in the simulations; therefore the loss solely comes from the radiation. The influence of s c on the loss with diameter of via (d) as the parameter is shown in Fig. 2 . The values are normalized by the minimum guide wavelength within the bandwidth. These curves indicate that s c must be kept small to reduce the loss between adjacent vias, suggesting that s c should be less than λ g min /2 in order to achieve small insertion loss of less than 0.5 dB per wavelength over the frequency band. Ideally, to obtain a good performance, it is suggested from Fig. 2 that the number of vias are 10 per wavelength. However, the diameter of the vias also affects the loss and as a result, the ratio d/s c must also be considered. This is so because the diameter of vias and the spacing between the vias are interrelated. For d < 0.2λ g min , the radiation loss is lower than 0.03208 dB/wavelength with a ratio d/s c of 0.5. The loss tends to decrease, as the diameter of via gets smaller for a constant ratio of d/s c . Therefore, in this filter design, in order to achieve negligible radiation loss between adjacent vias, the diameter of the vias used is 0.6 mm with the average ratio of d/s c kept below 0.5 and s c less than
TRISECTION SUBSTRATE-INTEGRATED WAVEGUIDE CROSS COUPLED FILTER
The input and output are coupled through CPW. Due to their proximity, the cross coupling between resonators 1 and 3 exists. A narrowband three-pole trisection filter has the equivalent circuit [5] shown in Fig. 3 Figure 3 . Equivalent circuit of a three-pole trisection filter [5] .
The cross coupling, M 13 will determine the selectivity at a finite frequency. The external quality factors are denoted by Q e1 and Q e3 at the input and output ports. A trisection filter will have an attenuation pole at one side of the passband, and it requires the resonators to be asynchronously tuned to give an asymmetric filter frequency response. Thus, the resonating frequency for each resonator may be different and must be chosen to satisfy the filter requirements.
The angular resonant frequency of resonator i is given by [5] 
where L i and C i are the inductance and capacitance values of the equivalent circuit.
To keep the physical configuration of the filter symmetrical even though the frequency response is asymmetric, the following assumptions are made [5] , Figure 4 shows the low pass prototype filter transformed from the equivalent circuit in Fig. 3 . It uses J inverters with [5] 
J 13 is the bypass inverter which represents the cross coupling. It is also true that
Here g i is the capacitance and B i is the frequency invariant susceptance of the lowpass prototype filter, while g 0 and g 4 denote the resistive terminations at the input and output ports. This is shown in Fig. 4 .
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Figure 4. Lowpass prototype filter using admittance (J) inverter for three-pole trisection filter [2] .
The unknown low pass element values may be determined by a synthesis method [6] or through an optimization process. Once they are determined, the circuit parameters in Fig. 3 can be found by [5] 
. (11) where n is the order of the filter.
If the cross coupling is positive, i.e., M 13 > 0 or J 13 > 0, the attenuation pole of finite frequency is on the high frequency side of the passband, whereas if the cross coupling is negative, i.e., M 13 < 0 or J 13 < 0, the attenuation pole of finite frequency is on the low side of the passband. We demonstrate that the filter configuration in Fig. 1 has an attenuation pole of finite frequency above the passband owing to the cross coupling of resonators 1 and 3.
DESIGN OF SUBSTRATE-INTEGRATED WAVEGUIDE FILTER WITH CPW INPUT AND OUTPUT PORTS
For our demonstration, the filter is designed to meet the following specifications; centre frequency = 10 GHz, bandwidth of passband = 0.3 GHz (fractional bandwidth of 3%), return loss in the passband ≤ −20 dB and rejection > 20 dB for frequencies ≥ 10.32 GHz. The element values of the low pas prototype [8] Having obtained the element values [8] , the design parameters for the X-band trisection filter are calculated as follows [8] :
Resonant frequency for resonator 1 and 3; f 01 = f 03 = 9.971 GHz, Resonant frequency for resonator 2; f 02 = 10.0969 GHz, External quality factor; Q e1 = Q e3 = 22.778, Coupling coefficient for resonator 1, 2 and 3; Fig. 5 is the theoretical frequency response of the filter. The dimension of the transition determines the external quality factor. The external quality factor Q e for resonator 1 and 3 is calculated by using a 3-D electromagnetic simulator [7] using the model shown in Fig. 6 . The Q e is controlled by changing the slot length of the CPW-towaveguide transition. Q e is obtained from the simulation by [5] 
where f 0 is the resonant frequency of the resonator and f −3 dB is the 3 dB bandwidth centre at the resonant frequency. Figure 7 shows the simulated Q e with a resonant frequency of 10 GHz. The Q e gradually decreases as the slot length becomes large. According to Fig. 7 , as required for the filter specification, Q e1 = Q e3 = 22.78 is obtained at slot length = 1.72 mm. Fig. 8 and Fig. 9 show the model to calculate the cross coupling between resonator 1 and 3, and the coupling between adjacent resonators 1 and 2, respectively.
The length of the window lkc ij as depicted in Fig. 8 and Fig. 9 controls the degree of coupling between two resonators. The length l 1 and l 3 in Fig. 8 for resonator 1 and 3 are tuned so that it has a resonant frequency of 9.97 GHz as calculated in (1).
To extract the coupling coefficient between adjacent resonators (M 12 = M 23 ) in Fig. 9 , resonator 1 and 2 is asynchronously tuned to each individual resonant frequency. For resonator 2, l 2 is optimized to give a resonating frequency of 10.09 GHz.
The coupling coefficient M 12 can be calculated using (13) for asynchronously tuned coupled resonators [5] 
where f 01 and f 02 is the resonating frequency for the ith and jth resonator respectively with f 1 and f 2 are the two frequency peaks. Since resonator 1 and 3 is synchronously tuned to have the same resonant frequency, the cross coupling coefficient between the two resonators, namely M 13 in Fig. 8 can be calculated using (14) [5] .
where f e and f m are two resonant frequencies with perfect electric and magnetic planes at the center. Figure 10 shows the coupling coefficients M ij with various values of lkc ij , obtained using an electromagnetic CAD simulator [7] . The larger coupling is obtained for the larger spacing lkc ij . According to Fig. 10(a) Using the initial parameters of slot length and lkc ij obtained from the calculations above, the filter dimensions are tuned to realize the required filter response for the substrate-integrated waveguide trisection filter.
The dimensions of the X-band substrate-integrated waveguide trisection filter, according to the simulation that will satisfy the specifications are shown in Table 1 . Note that the value of slot length and lkc ij , are very close to the initial values as expected. The filter has been fabricated on an RT/Duroid 5880 substrate with a relative dielectric constant, ε r of 2.2 and a thickness of 5.68 mm. SMA connectors are attached to the CPW lines at the input and output ports in order to measure the filter using a network analyzer.
The simulated and measured frequency responses of the trisection filter are shown in Fig. 11 .
The simulation results have included the dielectric and conductor losses (tan δ = 0.0009 and σ = 5.813 × 10 7 S/m). According to Fig. 11 , the measured insertion loss of 3.13 dB is obtained for the trisection filter at a centre frequency of 10.09 GHz with the return loss better than −13.5 dB for the passband. An attenuation pole at almost exactly at 10.35 GHz is obtained, fulfilling the specification. Fabrication tolerances (±0.02 mm), conductor loss, the tolerance in the dielectric permittivity (±0.02) and connector mismatch have contributed to the total loss of the measured frequency responses. These are untuned results, nonetheless prove that the design method are correct and manifest the total potential in producing good agreement between simulated and measured results with proper tuning.
Even though the sidewalls of the resonators are composed of arrays of vias (or metallic posts), which involve spacings between them, the radiation loss due to the spacings are made sure to have very little effect on the overall loss performance.
CONCLUSIONS
An X-band trisection substrate-integrated waveguide elliptic filter has been designed and fabricated. The simulated frequency responses agree well with the measured.
The potential of having both planar and non-planar (waveguide) circuits on a single substrate has been demonstrated with a filter with transition designs to coplanar waveguide.
Benefits for more complex microwave filters such as trisection
